By using pure dielectric photonic crystals, we demonstrate the realization of ultratransparent media, which allow near 100% transmission of light for all incident angles and create aberration-free virtual images. The ultratransparency effect is well explained by spatially dispersive effective medium theory for photonic crystals, and verified by both simulations and proof-of-principle microwave experiments. Designed with shifted elliptical equal frequency contours, such ultratransparent media not only provide a low-loss and feasible platform for transformation optics devices at optical frequencies, but also enable new freedom for phase manipulation beyond the local medium framework. DOI: 10.1103/PhysRevLett.117.223901 Transparent media are the foundation of almost all optical systems. However, due to general reflection caused by impedance mismatch [ Fig. 1(a) ], transparency has never been perfect in natural materials such as dielectrics. In the past decades, artificial electromagnetic materials like photonic crystals (PhCs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and metamaterials [19] [20] [21] [22] have been proposed to realize unusual electromagnetic properties beyond natural materials. Research on PhCs was mostly focused on photonic band gaps that block waves [ Fig. 1(b) ]. The theory of transformation optics (TO) [17, 18, , however, shows that metamaterials in principle can realize perfectly transparent media, which exhibit the rare property of omnidirectional impedance matching and thus eliminate all reflections. Such perfect transparency is also one of the critical requirements in novel TO devices such as invisibility cloaks [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , concentrators [38] , illusion optics devices [39, 40] , simulations of cosmic phenomena [42] [43] [44] , etc. However, in practice, there exists great difficulty in realizing such perfect transparency by metamaterials. In fact, most previous TO experiments were realized by using the so-called "reduced parameters," which maintain the refractive behavior, but sacrifice the impedance matching as well as the perfect transparency [25, 26, [28] [29] [30] [31] . Such an approximation leads to general reflection [ Fig. 1(c) ]. At optical frequencies, the inherent loss in metallic components of metamaterials makes the realization of perfect transparency as well as the ideal nonreflecting TO devices extremely difficult [45, 46] , if not impossible.
Transparent media are the foundation of almost all optical systems. However, due to general reflection caused by impedance mismatch [ Fig. 1(a) ], transparency has never been perfect in natural materials such as dielectrics. In the past decades, artificial electromagnetic materials like photonic crystals (PhCs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and metamaterials [19] [20] [21] [22] have been proposed to realize unusual electromagnetic properties beyond natural materials. Research on PhCs was mostly focused on photonic band gaps that block waves [ Fig. 1(b) ]. The theory of transformation optics (TO) [17, 18, , however, shows that metamaterials in principle can realize perfectly transparent media, which exhibit the rare property of omnidirectional impedance matching and thus eliminate all reflections. Such perfect transparency is also one of the critical requirements in novel TO devices such as invisibility cloaks [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , concentrators [38] , illusion optics devices [39, 40] , simulations of cosmic phenomena [42] [43] [44] , etc. However, in practice, there exists great difficulty in realizing such perfect transparency by metamaterials. In fact, most previous TO experiments were realized by using the so-called "reduced parameters," which maintain the refractive behavior, but sacrifice the impedance matching as well as the perfect transparency [25, 26, [28] [29] [30] [31] . Such an approximation leads to general reflection [ Fig. 1(c) ]. At optical frequencies, the inherent loss in metallic components of metamaterials makes the realization of perfect transparency as well as the ideal nonreflecting TO devices extremely difficult [45, 46] , if not impossible.
In this work, we propose to utilize the spatial dispersive effective parameters of pure dielectric PhCs to realize perfectly transparent media with omnidirectional impedance matching, which allows near 100% transmission of light at all incident angles. The equal frequency contours (EFCs) of such PhCs are designed to be elliptical and shifted in k space, and thus contain strong spatial dispersions. We demonstrate that at certain frequency regimes, such PhCs can allow the maximal amount of light to pass through and create aberration-free virtual images. Therefore, they are superior to normal transparent media like dielectrics, and hereby denoted as ultratransparent media. Interestingly, the combination of perfect transparency and elliptical EFCs satisfies the essential requirement of ideal TO devices. Such PhCs provide a low-loss and feasible platform for TO devices at optical frequencies. The shift of EFC also enables new freedom for phase manipulation beyond the local medium framework. The ultratransparency effect of PhCs and its application in TO have been verified by numerical simulations and proofof-principle microwave experiments.
Without loss of generality, we consider transverse electric (TE, with electric field in the z direction) polarized light incident onto a slab of a spatially dispersive medium in the xy plane. For reasons to be explained below, we let the ultratransparent medium exhibit the following special EFCs:
where k 0 is the wave number in air, k xðyÞ is the xðyÞ component of the wave vector, p denotes the displacement from the Brillouin zone center, and q determines the ratio of the k y and k x axes of the ellipse, as shown in the inset graphs of Fig. 1(d) . Note that such an EFC is of the same height, i.e., the maximum jk y j, with the EFC of free space.
We have chosen such shifted EFCs because of the following reasons. First, it has been previously pointed out that media with EFCs of elliptical shapes can be used to create TO devices [17] . Controllable elliptical EFCs are the essential reason for the controllable refractive behaviors in many TO applications. In this case, although the EFC is shifted away from the Brillouin zone center, the refractive behavior for light incident on the surface perpendicular to the shift direction is, however, completely retained, as shown in Fig. 1(d) . Moreover, hereby we prove that elliptical EFCs also enable the formation of aberrationfree virtual images. By using ray optics, it can be easily shown that transmitted rays from a point source behind a dielectric slab would form a "blurred" area of virtual image rather than a point image [shown in Fig. 1(a) ], which is induced by the mismatch between the EFCs of free space and dielectrics. However, for a metamaterial slab exhibiting an elliptical EFC [as shown in Fig. 1(c) ], an ideal point image would be formed. This actually can be understood as a direct consequence of TO. Since the shift of EFCs does not change the refractive behavior at all, aberration-free virtual images can also be formed by a slab of medium with a shifted EFC described by Eq. (1) for waves incident onto the interface perpendicular to this shifting direction [shown in Figs. 1(d) ]. An analytical proof by both ray optics and wave optics is described in the Supplemental Material [47] , Sec. II, demonstrating the absence of monochromatic aberrations [52, 53] . We note that such an aberrationfree virtual imaging behavior shows a fundamental difference between our system and normal dielectric media. In dielectric slabs, the image information is gradually smeared during the propagation of light. While in our system, the image information can be maintained, up to the diffraction limit.
Second, the shift of EFCs provides more possibilities for omnidirectional impedance matching. We assume that the medium can be characterized by relative permittivity tensor εðk y Þ and relative permeability tensor μðk y Þ for certain angular frequency ω. Here we only consider propagating waves and, thus, k x can be determined from the EFC which links k x and k y . The dispersion relation of propagating waves in the spatially dispersive medium can be expressed as k
. Here, we define the impedance of the spatially dispersive media as Z ≡ E z =H y ¼ −½μ 0 μ y ðk y Þ=k x ω for TE polarization. By matching the wave impedance of the spatially dispersive medium with that of free space, i.e.,
Þω (See the Supplemental Material [47] Sec. I), we obtain
If Eq. (2) can be satisfied for all jk y j < k 0 , then omnidirectional impedance matching can be achieved, which leads to near 100% transmission of light for all incident angles.
An obvious local medium solution of Eq. (2) is that μ x μ y ¼ 1 and μ x ε z ¼ 1, which corresponds to elliptical EFCs centered at the Brillouin zone center and is consistent with TO theory. However, this is not the only possible solution for spatially dispersive media. Now, we consider the medium with the EFC described by Eq. (1), i.e.,
. By substituting this relation into Eq. (2) and the spatial dispersion, we obtain the analytical forms of spatially dispersive parameters as μ material that is significantly more transparent than normal dielectric solids. In this sense, we denote them as ultratransparent media.
PhCs contain strong spatial dispersions and thus provide the perfect candidate for realization of ultratransparent media. First, we demonstrate a type of PhCs composed of a rectangular array of dielectric rods in free space, with the unit cell shown in Fig. 2(a) . Under TE polarization, the band structure is presented in Fig. 2(b) , and the EFC of the third band is plotted in the reduced first Brillouin zone in Fig. 2(c) . At the working frequency fa=c ¼ 0.3183, where c is the speed of light in free space and a is the unit length, the corresponding EFC is indeed a shifted ellipse that can be described by Eq. (1) with p ≈ π=a. Figure 2(d) shows the impedance difference of the PhC and free space of the third band, i.e., jðZ − Z 0 Þ=ðZ þ Z 0 Þj, showing very small difference for a very large range of k y at the working frequency. Then, by matching the dispersion and surface impedance of the eigenstates in the PhC with the propagating waves in a spatially dispersive medium, the kdependent effective parameters can be obtained (see the Supplemental Material [47] , Sec. III), which are denoted by dots in Fig. 2(e) . Clearly, we find μ x;eff ≈ 1, while ε z;eff and μ y;eff are both dependent on k y . We note that our method also provides a general approach to retrieve the k-dependent effective parameters of PhCs and metamaterials. At relatively low frequencies, this method shows a high validity and accuracy in describing the effective media of nonlocal systems. Moreover, the k dependence of ε z;eff and μ y;eff coincides excellently with the requirement for omnidirectional impedance matching (dashed lines), which is previously obtained analytically. To verify the unique behavior, we have numerically calculated the transmittance through such a PhC slab consisting of Nð¼4; 5; 6; 15Þ layers of unit cells in the x direction, as shown in Fig. 2(f) . It is shown that the transmittance is near unity (>99%) for nearly all incident angles (θ i < 89°), and is almost irrespective of the layer number N, indicating that the ultratransparency effect is a result of impedance matching instead of tunneling effects.
In the design process, we first find out the band exhibiting the shifted EFC in the band structure. The shift can be controlled by modifying the microstructure of PhCs. Then, we engineer the structure of PhC so as to ensure impedance matching of the eigenstates with propagating waves in free space, in an angle range as large as possible [54] . Nearly omnidirectional impedance matching can be gradually obtained after a trial-and-error iterative optimal algorithm.
For transparency in a relatively smaller range of incident angles, the design process is much easier and the effect can exist in much simpler structures. In the following, we demonstrate a simple ultratransparent PhC, which is verified by proof-of-principle microwave experiments. The PhC consists of rectangular alumina (ε ¼ 8.5) bars in a square lattice and also exhibits a shifted elliptical EFC (see the Supplemental Material [47] , Sec. VI). Numerical simulations show that the transmittance exceeds 99% for all incident angles of θ i < 60°under TE polarization. A 23 × 5 array of such a PhC is assembled in the xy plane inside a parallel-plate waveguide composed of two flat aluminum plates, as shown in Fig. 3(a) . The lattice constant is a ¼ 12 mm and the size of each alumina bar is 4.8ðw 2 Þ× 9.6ðw 1 Þ × 10 mm. The electric field was measured via an antenna fixed in a hole in the upper metal plate (not shown here). The measured electric fields for 45º incident angle at the working frequency of 11.8 GHz is shown in Fig. 3(b) with barely noticeable reflection. We note that the divergence of the transmitted beam is mainly caused by the intrinsic divergence of the Gaussian beam and imperfections of the experimental setup. In Fig. 3(c) , the measured transmittance (triangular dots) coincides with simulation results (solid lines) quite well, both showing great 
H Y S I C A L R E V I E W L E T T E R S
week ending 25 NOVEMBER 2016 223901-3 enhancement compared with that through an alumina slab with the same thickness (dashed lines). Although the ultratransparency effect is hereby only verified at the microwave frequency regime, the principle can be extended to the optical frequency regime by using microstructures composed of silicon or other dielectrics [10, 11] .
Finally, we demonstrate that such ultratransparent media provide an excellent platform for realizing TO devices at optical frequencies. The impedance and refractive behavior of the dielectric PhCs can be flexibly tuned to satisfy the requirement of TO. Interestingly, the shift of the EFC provides additional freedom beyond the original framework of TO [23, 24] based on local media. As shown in Fig. 1(d) , an additional phase of pd is added to all transmitted waves (see the Supplemental Material [47] , Sec. V), where d is the thickness of the PhC slab. Therefore, the phase of the transmitted waves can be controlled via this new degree of freedom absent in local media.
As an example of TO devices, we demonstrate a concentrator composed of one-dimensional (1D) ultratransparent PhCs. The design process is shown in Fig. 4(a) , in which the original shell of a concentrator [38] is discretized into four layers and each layer is further replaced by a corresponding 1D ultratransparent PhC (see the Supplemental Material [47] , Sec. VII). Figure 4(b) shows the parameters of the discretized layers of TO media and the ideal profile. The corresponding four types of 1D ultratransparent PhCs are of the same lattice constant a, and of 4, 2, 2, and 1 units for the A, B, C, and D layers, respectively. The EFCs of PhCs and the discretized layers of TO media are shown in Fig. 4(c) . It can be seen that the EFCs of PhCs have almost the same shapes with their corresponding layers, but are shifted by π=a in the k space. Through numerical simulations, we demonstrate that such a concentrator composed of 1D ultratransparent PhCs exhibits almost the same effect as the original discretized TO concentrator. Figures 4(d) and 4(e) show that under an incident beam of Gaussian wave from the lower left, both concentrators exhibit good concentration effects in the core areas and induce almost no scattering of waves. Interestingly, the waves inside the core areas exhibit a distinct phase difference of π. This discrepancy is a result of the new freedom introduced by the shift of EFCs in the k space, i.e., spatial dispersion.
We note that the theory of TO has been generalized to nonlocal media [55] [56] [57] , but previous realizations were mostly based on metal-dielectric composites at the deep subwavelength scale [55] . Here, we have utilized the inherent spatial dispersions in PhCs to realize TO devices, with the significant advantages of wide-angle impedance matching, low loss, and microfabrication at optical frequencies.
Although the ultratransparency effect is only demonstrated for TE polarization here, the principle is general and can be extended to transverse magnetic (TM) polarization, or even both polarizations. Polarization-independent ultratransparency has wide and important applications. On the other hand, polarization-dependent ultratransparent media could also have some special applications. For instance, if the PhC is ultratransparent for TE polarization, while the working frequency falls in an omnidirectional band gap for TM polarization, such a PhC would work as an omnidirectional polarizer.
The method of designing spatially dispersive effective parameters to realize wide-angle impedance matching is fundamentally different from previous approaches developed for local media such as designing suitable anisotropy. Our work shows that spatial dispersions can not only lead to exotic refractive behaviors (which is determined by EFCs of PhCs) but also produce exotic wide-angle nonreflective behavior. Here, the design principle lies in systematic tuning of the microstructures of the PhCs based on the retrieved spatially dispersive effective parameters, so as to improve the wide-angle impedance matching. More applications can be expected by utilizing the new degrees of freedoms in designing spatially dispersive effective parameters.
